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Designations 
3 d3r 

dn' 
e = energy of an excited state [erg] 
e = elementary charge [A  see] 

f ( T  1 
h = Planck's constant [erg sec] 

-1 k = Boltzmann constant [ergOK ] 

= space element [cm ] 
= electron surface density [~m-~sec-'] e 

0 
= transfer function for vibrational energy 

V 

-3 = number of excited and nonexcited molecules, respectively [cm ] 
= electron mass [g] 
= vibrational quantum numbers 

= number of electrons [cm ] 

z, 
0 

m 
m, n, n' 

ne> 
X = molecular constant 

E = energy [erg] 

Go(n') 
J = intensity 

-3 

0 

-1 = wave number of the transition 0, n' [cm ] 

J ( K ' ,  TR)  

Je (9) 
Ju 

M1' M2 

K ' ,  K" 

N 

V nm 
02 

= intensity of the rotational lines 

= differential scattering cross section for elastic scattering [cm ] 
= differential scattering cross section for inelastic scattering [cm ] 
= rotational quantum numbers 

= molecular masses 
= number of molecules [cm ] 
= total scattering cross section for elastic scattering [cm ] 
= total scattering cross section for inelastic scattering [cm ] 
= gas constant 
= matrix element of the vibrational transition n, m 
= static temperature [OK] 

= temperature of black-body emitter [OK] 
-1 

2 

2 

-3 

2 

2 

= ,,,,isior? --11 number [sec I 

= gas viscosity [poise] 

= scattering angle ["I 
= wave number of the transitionn, m 
= collision cross section [cm 1 2 
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y3 = azimuthal angle [ " I  
= wave function for molecular vibrations 

-1 %J ' 
0 = molecular constant [cm ] 

A 
0 = characteristic temperature [ O K ]  

0 

= orbital angular momentum quantum number 

Subscripts 

R = rotation 

T = translation 

V = vibration 

nm, nn' 
n, n' = transition in state n or n', respectively 

= transition nm or nn', respectively 

, 
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NASA TT P-lL,258 

THE DETERMINATION OF THE THERMODYNAMIC STATE OF 
RELAXING HYPERSONIC GAS J?LOWS BY ELECTRON 

COLLISION EXCITATION 

K. Biitefisch 

ABSTRACT. 
relaxing hypersonic gas flows, besides the static tempera- 
ture and density, the vibrational temperature must also be 
measured. 
cedures, a method for determining the vibrational tempera- 
ture with the aidof the electroncollision excitation tech- 
nique via spectroscopy is described. The special arrangement 
of the equipment makes it possible to seek continuously and 
simultaneously, besides the local vibrational temperature al- 
so the local density as a function of position or for a given 
position as a function of total pressure or stagnation tem- 
perature. 

In order to determine the thermodynamic state of 

After discussing several possible measurement pro- 

1. Introduction 
I 

In order to describe the flow conditions in a hypersonic wind tunnel, it 
is necessary to know the thermodynamic state of the test gas. As long as the 
gas expands isentropically in the nozzle, the Mach number and Reynolds number 
distributions can be calculated from the measured values for static pressure, 
static temperature, and Pitot pressure. 

If the thermodynamic equilibrium in the expansion flow is not given, then 
in order to caicuiate the XG ziid L?g distributions in the strip of flow which 
is to be measured, in addition to Pitot pressure, either static temperature, 
static pressure or vibrational temperature must also be known. Then it is as- 
sumed that from a certain point in the nozzle, the vibrational temperature is 
frozen in, that is, the vibrational temperature up to the freezing-in point is 
in equilibrium with the translational and rotational temperatures [l]. After 
this freezing-in point, the number of molecular collisions is no longer suffi- 
cient for energy exchange and the vibrational temperature remains constant. 
Calculations in which freezing-in is considered as a parameter by way of the 
freezing-in temperature have been carried out by I. E. Vas and G. Koppenwallner 
[ 2 ]  among others. Naturally they require experimental confirmation, which de- 
pends on an experimental determination of the vibrational temperature. 

In the present report, various methods for determining the vibrational 
temperature will 3e studied w i t h  respect tn  their applicability in the hyper- 
sonic wind tunnel at low gas densities at the AVA at GSttingen. Because of its 
good spatial resolution and precision, the electron beam procedure was selected 

*Numbers in the margin indicate pagination in the foreign text. 
N.B.: Commas should be interpreted as decimal points in all material that 

has been reproduced directly from the original foreign document. 
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and descr ibed i n  d e t a i l .  
by Muntz [3] and Herzberg E41, a desc r ip t ion  of t h e  measuring apparatus  is  
given, followed by a b r i e f  survey of t he  measurement pro tocol .  

Af t e r  t h e  t h e o r e t i c a l  foundat ions based on r e p o r t s  
I 

2. Various Methods for Determining - t h e  Vib ra t iona l  Temperatures 

I 2 . 1  Enthalpy i n  the  Case of Diatomic Gases 

I n  t h e  case of a diatomic gas ,  t h e  t o t a l  enthalpy h (2') is  increased  by 
0 

I e x c i t i n g  t h e  v i b r a t i o n a l  and r o t a t i o n a l  states. Then w e  have 

1 - _-_----- --- 

-.n i... . . . -. . ^ .  ~ . ..I". . 

, eT = t r a n s l a t i o n a l  energy, e R = gas cons tan t  

t i o n a l  energy, p = gas dens i ty ,  and v = gas ve loc i ty .  

= r o t a t i o n a l  energy, ev = vibra-  R 
I 

The t r a n s l a t i o n a l  and r o t a t i o n a l  energies  can be replaced by e = 3/2 RTT 
I T 

and eR = RTR, where 9 

t u r e s ,  respec t ive ly .  Both temperatures a r e  very low i n  t h e  expansion flow and 
are equal  t o  the  s ta t ic  temperature T .  By means of t h e  r e l axa t ion  process ,  a 
h igh  v i b r a t i o n a l  temperature is maintained i n  t h e  expansion flow. I f  t he  vi- 
b r a t i o n  of a diatomic molecule i s  described by a harmonic o s c i l l a t o r ,  t he  v i -  
b r a t i o n a l  energy can be expressed [ 51  by 

and TR are t h e  t r a n s l a t i o n a l  and r o t a t i o n a l  tempera- 
T 

_ "  - L. _ _  - 

The symbol 8 s i g n i f i e s  a c h a r a c t e r i s t i c  
f o r  N2. 

Since the  

t h e  expansion, 

t o t a l  enthalpy ho(To) a t  

then from 

R 0  I 

"/Tv 
- 1  i 

4 - -- e 
.- 

temperature and has  t h e  va lue  0 = 3,374OK 

s ta t ic  temperature P i s  known before  
0 

t h e  v i b r a t i o n a l  temperature T can be found. This type of measurement of t h e  - /10 V 

i n c r e a s e  of a s p e c i f i e d  amount of water  which w a s  heated by t h e  gas  flow w a s  
measured us ing  a probe. 

' v i b r a t i o n a l  temperature w a s  developed by G. Koppenwallner [ 6 ] .  The temperature 

2 



2.2 Spec t r a l  Reversal  Method 

The most b a s i c  d i f f e r e n c e  between macroscopic measurement us ing  the t o t a l  
enthalpy probe and t h e  microscopic procedure which w e  are about t o  desc r ibe  is  
t h a t  as probes,  t h i s  la t ter  procedure uses molecules, e l e c t r o n s  o r  quanta of 
r a d i a t i o n  which are permit ted t o  i n t e r a c t  d i r e c t l y  with t h e  test gas molecules. 
Thus, t h e  gas-kinet ic  state of t h e  flow i s  no t  d i s turbed .  
l a r l y  g r e a t  advantage i n  t h e  measurement of models. 
t i a l  r e s o l u t i o n  i s  a l s o  requi red ,  s i n c e  desp i t e  t h e  s t a t i o n a r y  opera t ion  of t h e  
wind tunnel ,  uniform temperatures cannot b e  expected over t h e  flow c ross  sec- 
t ion .  Boundary l a y e r s  form i n  t h e  area c lose  t o  t h e  w a l l s ,  and t h e  models 
which are i n s e r t e d  i n t o  t h e  flow stream change t h e  temperature d i s t r i b u t i o n  i n  
t h e i r  own manner. 

This  i s  of pa r t i cu -  
However, a very good spa- 

The best-known procedure f o r  determining t h e  temperature of t h e  gas  de- 
pends on t h e  f a c t  t h a t  many metal atoms can be brought i n t o  an e l e c t r i c a l l y  
exc i t ed  s ta te  by c o l l i s i o n s  of t h e  second kind. Thus, f o r  example, i f  small 
amounts of sodium are added t o  a gas w i t h  temperature T ,  and i f  a black-body 
emitter with the  known temperature T is observed through the  gas,  t h e  posi-  SK 
t i o n  of t h e  Na-D l i n e s  appears  e i t h e r  dark o r  l i g h t  i n  i t s  spectrum, depending 
on whether T i s  smaller o r  l a r g e r  than  T 

same, t h e  unknown gas temperature T i s  found by determining t h i s  r e v e r s a l  po in t .  

I f  t h e  two temperatures are t h e  SK’ 

The gas  temperature T is  def ined by t h e  r a t i o  of Z exc i t ed  t o  Z non- 1 0 

- 1  
- 

exc i t ed  N a  atoms [7]: 
_c_ __--I 

gl -e/kT e \1 

0 % 
l l l r s -  

( 4 )  

i n  which a Boltzmann d i s t r i b u t i o n  i s  assumed. 

weight ing f a c t o r s ,  e i s  t h e  energy of t he  exc i t ed  state, and k is  t h e  Boltzmann 
cons tan t  . 

Thus, g1 and go are statisticalm 

As more precise i n v e s t i g a t i o n s  have shown, the  exc i ted  states of t h e  N a  
atom are populated by i n t e r a c t i o n  wi th  the  v i b r a t i o n a l  states of t h e  N 

and depopulated by c o l l i s i o n  processes  and r ad ia t ion .  

molecules 2 

I f  2 i s  t h e  number of poss ib l e  c o l l i s i o n s  of an N a  atom wi th  N molecules 
of N2, Z is  t h e  number of sodium atoms, and f ( T  1 i s  a func t ion  which depends 

0 V 
only on Y V ,  ~ h i e h  describes the poss ib l e  t r a n s f e r  of t h e  v i b r a t i o n a l  energy of 

t h e  N 

Thus, i n  equi l ibr ium,  Z1 exc i t ed  N a  atoms are p resen t ,  s o  t h a t  2 x Z 
atoms r e v e r t  t o  t h e  ground s t a t e  by c o l l i s i o n s  with N 

sodium atoms by spontaneous emission. 
s ta te  is  as follows: 

molecule t o  t h e  N a  atom, then 2 x f(Tv,J x lo sodium atoms become exc i t ed .  2 
sodium 1 

molecules and A x z1 2 
Thus, t h e  equat ion f o r  t h e  equi l ibr ium 

3 



! .- i_ - 
The quantity 2 can be expressed by the collision formula [81 from gas kinetics: 

where N is 1 
and M 

9 -1 temperature. Under normal conditions, Z assumes the value of 8.3 x 10 sec , 
using data from [8].  The quantity A is given by the reciprocal of the life of 

7 -1 the excited atom and has the value of 6.3 x 10 sec 

he number of N2 molecules, CI is the collision cross section, M 12 
are the masses of the pair involved in the collision, and T is the static 2 

[8 ] .  

From (5) we obtain 
- _ -  

f ‘Tv’ 
I 

$ 1  
I1 
7 = , z x p  

0 

(7) 

~- 

If a and 
ditions, then 2 can be expressed by 

b represent the factors by which N and T deviate from the normal con- 

Then, inserting the numerical values for A and (8), equation (7) becomes 

As long as 

._ ”_ -.-- 
A 

the ratio Zl/Z 

A temperature determination can be carried out by means of equation ( 4 ) .  

tion (10) can no longer be fulfilled. 

depends only on f ( T , l  and thus, on the vibrational temperature. 
0 

In 
the hypersonic wind tunnel, bed 50/273 and a d  7.6 x 10 -3 , so that this condi- 

Then the ratio Z1/Zo also depends on the 

4 



dens i ty  and t h e  s t a t i c  temperature,  so  t h a t  t h e  v i b r a t i o n a l  temperature can no 
longer be determined i n  a s i m p l e  manner from ( 4 ) .  

:, lb. Absorption method 
4 

! e l e c t r o n  beam 

The foregoing cons idera t ion  represents  only a rough model. I n  r e a l i t y , a b -  
sorpt ion-  and r a d i a t i o n - l e s s  t r a n s i t i o n s  must a l s o  be  taken i n t o  cons idera t ion .  
To be su re ,  these  e f f e c t s  become less s i g n i f i c a n t  when t h e  pressure  i s  lowered, 
b u t  i t  is  exac t ly  then when t h e  devia t ion  from t h e  t r u e  temperature Yv becomes 
l a rge .  

sured [ 9 ] .  By c a l i b r a t i o n ,  t h e  

el iminated,  s o  t h a t  t h e  absorp- 
t i o n  is f i n a l l y  a func t ion  only 
of t h e  v i b r a t i o n a l  temperature.  
The absorp t ion  c o e f f i c i e n t  is 

dependence on pressure  can be  

Hurle e t  aZ. [5] used t h i s  method t o  s tudy  an expansion flow i n  a 15" 
nozzle  behind a c o l l i s i o n  w a l l .  
amounted t o  ea. 73 Torr,  so  t h a t  a s m a l l  temperature e r r o r  had t o  be accounted 
f o r .  
from t h e  r a t i o  c t / ~  and t h e  known temperature T 
t o  the  formula 

The s t a t i c  p re s su re  a t  t h e  measuring p o i n t  

Because they measured the  emission E and the  absorp t ion  ct simultaneously,  
of t h e  black body, according SK 

they were a b l e  t o  determine Tv. 
mination of temperature thus cons is ted  of two spheres  formed from a ray  bundle /13 
focused i n  t h e  middle of t h e  nozzle  (Figure l a ) .  

The volume taken i n t o  account i n  t h i s  de te r -  

This ray bundle is used f o r  
t he  most var ied  temperature 
ranges wi th  the  se tup  i n  ques- 
t i o n ,  so  t h a t  t h e  s p a t i a l  resolu-  
t i o n  is  conceivably q u i t e  poor. 
I n  any case, i t  i s  not  s u f f i -  
c i e n t  f o r  determining such th ings  

- ---- 

r e r a t u r e  d i s t r i b u t i o n  on 
1 

Bontinuum of a 
b lack-body e m i t t e r  
a t  temperature T - + -  

-~ - 

la. Na Line reversal method 
I 
I 

2.3 U l t r a v i o l e t  Absorption 
Method 

x-rays,  
o r  microwaves I n  t h i s  method, u l t r a v i o l e t  

' w quan ta - -  

I I -- - 1 I- IC: Elec t ron  be-. aethcd 
._ - -- - - _ _ -  

Figure 1. 
Methods f o r  Temperature Determination. 

S p a t i a l  Resolution Using Various [/vz+W, ni d 3 r] 
I 

5 
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Whereas t h e  f i r s t  two methods depend on an e f f e c t  which is  charac te r ized  
by t h e  o v e r a l l  v i b r a t i o n a l  state,  Raman spectroscopy d i r e c t l y  provides  the in-  
t e n s i t y  of t h e  i n d i v i d u a l  o p t i c a l  v i b r a t i o n a l  l i n e s ,  and t h e  v i b r a t i o n a l  tem-  
p e r a t u r e  can be  found d i r e c t l y  from t h e i r  d i s t r i b u t i o n .  The v i b r a t i o n a l  spec- 
trum, which l ies i n  t h e  u l t r a r e d  by v i r t u e  of i t s  energy, appears i n  t h i s  case 
as t h e  satel l i te  spectrum of a s i n g l e ,  i n t ens ive ,  i nc iden t  l i n e  i n  the  v i s i b l e  
region.  The monoenergetic l i g h t  quanta passed through t h e  t e s t  gas l o s e  d i s -  
crete amounts of energy t o  t h e  molecules, and these  amounts of energy cor re-  
spond t o  t h e  v i b r a t i o n a l  t r a n s i t i o n s .  Since i n  t h i s  case we are dea l ing  wi th  
an i n e l a s t i c  s c a t t e r i n g  process  whose cross  s e c t i o n  is not  very  l a r g e  even f o r  
l a r g e  d e n s i t i e s  of t h e  substance,  t h e  app l i ca t ion  of t h i s  method t o  t h e  s m a l l  
d e n s i t i e s  i n  t h e  measuring area of a hypersonic wind tunnel  wi th  small gas 
d e n s i t i e s  i s  very problematic.  For example, Pohl [ l o ]  g ives  a Raman spec t ro-  
gram of O2 which w a s  taken a t  a gas pressure of 10 a t m  wi th  50 hours i l lumina- 

of t h e  var ious  e f f e c t i v e  v i b r a t i o n a l  t r a n s i t i o n s  n, m, whose va lues  inc rease  
wi th  increas ing  quantum numbers n, m. 
is, t h e  more t h e  overlap i n t e g r a l s  provide an e f f e c t i v e  con t r ibu t ion  t o  t h e  ab- 
so rp t ion  c o e f f i c i e n t .  

The higher  t h e  v i b r a t i o n a l  temperature 

0 

I n  t h e  case  of N2, apprec iab le  absorpt ion on&y takes  p l ace  f o r  A < 800 A ,  

s o  t h a t  absorp t ion  measurements must be  made i n  vacuum spectrographs,  since 
t h e  oxygen i n  t h e  a i r  has a powerful absorpt ion c a p a b i l i t y  even below 1,800 A. 
The volume t o  be  s tud ied  i s  formed by a cy l inder  s i t u a t e d  t r ansve r se  t o  t h e  
a x i s  of t h e  wind tunnel ,  as is  shown i n  Figure l b .  The s p a t i a l  r e s o l u t i o n  is  
once more r a t h e r  unfavorable,  s i n c e  once again t h e  boundary l a y e r s  are a l s o  
included. I n  add i t ion ,  t h e  e l imina t ion  of t h e  dens i ty  d i s t r i b u t i o n  over t h e  
tunnel  c ros s  s e c t i o n  may be a problem. 
er dens i ty  of t h e  boundary l a y e r s  may have t h e  same e f f e c t  a t  lower tempera- 
t u r e s  as t h e  s l i g h t e r  dens i ty  of t h e  nuclear  flow, although a t  h igher  tempera- 
t u re s .  F i n a l l y ,  i f  w e  wish t o  i nves t iga t e  models, then  dens i ty  and tempera- 
t u r e  once more vary,  s o  t h a t  t h e  i n t e r p r e t a t i o n  of t h e  measured r e s u l t s  i s  a l s o  
d i f f i c u l t  i n  t h i s  case. I n  p r i n c i p l e ,  absorpt ion measurements can a l s o  be  car- 
r i e d  o u t  wi th  x-rays, u l t r a s o n i c  o r  microwave, and t h e  v i b r a t i o n a l  temperature 
may a l s o  b e  found i n  t h i s  manner. 

Under c e r t a i n  circumstances,  t h e  grea t -  

Although i n  these  cases c e r t a i n  d i f f i c u l t i e s  can be  el iminated by p e r f o r m - u  
i n g  measurements i n  the  f a r  u l t r a v i o l e t ,  no s i g n i f i c a n t  advantages can be ex- 
pected. The volume t o  be  measured is s t i l l  i n  t h e  form of a cy l inde r ,  as i s  
represented  i n  Figure l b .  

2.4 Raman Spectroscopy 

t i o n  t i m e .  However, t h e  e f f e c t  La pr~porti~nal tc! the square of t h e  i n t e n s i t y  
of t h e  i n c i d e n t  l i g h t ,  s o  t h a t  an increase  i n  i n t e n s i t y ,  such as would b e  pos- 
s i b l e  by us ing  a laser as a l i g h t  source,  might provide b e t t e r  r e s u l t s .  
i n d e r ,  
t h a t  s i m i l a r  d i f f i c u l t i e s  would be inherent  i n  the  temperature measurements as 
i n  t h e  case of t h e  methods descr ibed previously.  

A cyl-  
as i s  shown i n  Figure l b ,  would once more be t h e  measuring volume, so 



2 .5  Ion iza t ion  Method 

A s  long as t h e  gas i s  i n  thermal equi l ibr ium, t h e  degree of i o n i z a t i o n  
r ep resen t s  a measure of t h e  gas temperature. However, t h i s  e f f e c t  can only be 
measured i f  t h e  temperature is  a few 1,000"K. Since no thermal equ i l ib r ium can 
be  expected i n  t h e  expansion flow, and a l s o  s i n c e  t h e  s t a t i c  temperature rapid- 
l y  drops below l , O O O ° K ,  t h i s  type of measurement i s  n o t  poss ib l e .  - 115 

A s  f o r  o t h e r  procedures,  according to  a suggest ion made by Koppenwallner, 
one could in t roduce  e l e c t r o n s  wi th  defined ene rg ie s  i n t o  t h e  test gas and mea- 
s u r e  t h e  i o n i z a t i o n  flow i n  dependence on t h e  e l e c t r o n  energy. According t o  
t h e  Frank-Condon p r i n c i p l e ,  it is t o  b e  expected t h a t  t h e  output  energy [ll] 
would possess  a f i n e  s t r u c t u r e  character ized by t h e  v i b r a t i o n a l  state. Similar  
r e s u l t s  could be given by t h e  electsron c o l l i s i o n  experiment according t o  Frank- 
Hertz ,  i n  which a f i n e  s t r u c t u r e  likewise dependent upon t h e  v i b r a t i o n a l  state 
could be  used f o r  determining t h e  temperature. 

For a p p l i c a t i o n  i n  a wind tunnel ,  considerable  d i f f i c u l t i e s  would appear 
i n  t h e  s l i g h t  degree of monochromaticity and t h e  l a r g e  s c a t t e r i n g  c r o s s  s e c t i o n  
of t h e  low-energy e l e c t r o n s ,  which could make t h e  a p p l i c a t i o n  of t h i s  method 
impossible.  I n  a d d i t i o n ,  the high v e l o c i t i e s  would d i s t u r b  the test gas mole- 
c u l e s ,  which would make t h e  determination of energy very d i f f i c u l t .  

2 . 6  Electron B e a m  Method 

De ta i l ed  i n v e s t i g a t i o n s  by Muntz [3 ]  have shown t h a t  t h e  v i b r a t i o n a l  t e m -  
p e r a t u r e  can b e  e a s i l y  obtained from the  spectrum of N2 molecules exc i t ed  by 

e l e c t r o n  c o l l i s i o n .  
i y  i n  t h e  f i n a i  seetioii. 

W e  s h a l l  t reat  t h e  d e t a i l s  of t h i s  occurrence very thorough- 

The volume f o r  measurement can be  made extremely small and f a r  i n s i d e  t h e  
s t r i p  t o  b e  measured, s i n c e  t h e  e l e c t r o n  beam is  passed through t h e  measured 
s t r i p  and an a r b i t r a r y  p o r t i o n  of t h e  exci ted area can be  focused on a spectro- 
graph and thus  analyzed. I n  t h i s  case, t h e  volume which i s  measured amounts t o  

only a few mm3 (Figure IC). 
n o t  absorbed by t h e  o t h e r  molecules, no disturbances due t o  c o l l i s i o n s  o r  bound- 
a r y  l a y e r s  are t o  be  feared.  This procedure o f f e r s  t h e  p o s s i b i l i t y  of ca r ry ing  
o u t  undis turbed temperature measurements. 

Since t h e  l i g h t  emerging from t h e  exc i t ed  area is 

3. Cri t ica l  Comparison of t h e  Various Methods 

The v a r i o u s  methods w i l l  be  comparGd w i t h  r e s p e c t  t o  t h e i r  a p p l i c s b i l l t y  
i n  t h e  hypersonic  wind tunne l  a t  low gas d e n s i t i e s .  

- I 1 6  

The low gas dens i ty  i n  t h e  s t r i p  t o  be  measured makes t h e  a p p l i c a t i o n  of 
t h e  l i n e - r e v e r s a l  method impossible,  s i n c e  t h e  populat ion of t h e  e x c i t e d  state, 
which is  dependent on t h e  v i b r a t i o n a l  temperature, i s  g r e a t l y  reduced by natu- 
r a l  r a d i a t i o n .  Correct ions would r equ i r e  a precise knowledge of t h e  s t a t i c  



I .  

pres su re ,  which i s  d i f f i c u l t  because of t h e  nonequilibrium expansion flow, 
and is  no t  p o s s i b l e  a t  a l l  i n  measurements on models. 

The va r ious  absorpt ion methods l o s e  a g r e a t  d e a l  of s e n s i t i v i t y  a t  t h e  low 
gas p re s su res ,  although t h e s e  d i f f i c u l t i e s  can be  compensated f o r  under c e r t a i n  
circumstances by s u i t a b l e  d e t e c t i o n  methods. 

Raman spectroscopy is  ev iden t ly  impossible a t  t h e s e  low d e n s i t i e s ,  as 
long as we u se  t h e  customary l i g h t  sources.  
expensive. 

The a p p l i c a t i o n  of a laser is  very 

A l l  of the methods previously mentioned have poor s p a t i a l  r e s o l u t i o n  accord- 
i n g  t o  Figures  l a  and l b .  The volume which i s  measured inc ludes  f r a c t i o n s  of 
t h e  volume which belong t o  t h e  boundary l a y e r ,  t o  t he  c e n t e r  of flow, o r  t o  
bo th ,  and t h e  measured temperature can only b e  determined as the mean tempera- 
t u r e  of t h e  o v e r a l l  volume. A s  long as the flow condi t ions are simple,  weigh- 
i n g  f a c t o r s  can be  a sc r ibed  t o  each of the volume f r a c t i o n s ,  s o  t h a t  t h e  mea-  
sured temperature can f i n a l l y  b e  a t t r i b u t e d  t o  a smaller volume. But if t h e  
flow cond i t ions  are complex, as would be expected i f  models w e r e  introduced,  
t h i s  method is no t  poss ib l e .  The p rec i s ion  of t he  temperature determinat ion 
i s  n o t  g r e a t  i n  any case. Those methods mentioned which depend on i o n i z a t i o n  
e f f e c t s  do provide b e t t e r  s p a t i a l  r e s o l u t i o n ,  b u t  t h e  d i f f i c u l t i e s  i nhe ren t  i n  
c o n t r o l  of t h e  low-energy e l e c t r o n s  and ions are s o  g r e a t  t h a t  t h i s  method i s  
a l s o  n o t  a p p l i c a b l e  i n  t h e  hypersonic wind tunnel .  

The disadvantages which accompany a l l  t h e  methods j u s t  descr ibed are ab- 
s e n t  i n  t h e  case of t h e  e l e c t r o n  beam method. 
g r e a t  energy, s o  t h a t  t h e  s c a t t e r i n g  cross  s e c t i o n  can be  s u f f i c i e n t l y  small 
f o r  e las t ic  and inelastic s c a t t e r i n g .  The s l i g h t  dens i ty  i n  t h e  area t o  b e  
measured can be c n q e s s a t e d  f o r  by choosing a l a r g e r  beam area. 
t u r e  can b e  a t t r i b u t e d  t o  a def ined po in t  i n  space,  s o  t h a t  iilcaaiirczents n s  
models become p o s s i b l e  [12]. A s  w e  w i l l  see la te r ,  i n  a d d i t i o n  t o  t h e  l o c a l  
v i b r a t i o n a l  temperature,  w e  can’ a l s o  measure t h e  l o c a l  r o t a t i o n a l  temperature 
and t h e  l o c a l  test gas dens i ty .  For these reasons,  t h e  e l e c t r o n  beam method 
w a s  s e l e c t e d  f o r  t h e  AVA hypersonic wind tunne l  with small gas  d e n s i t i e s .  I n  
t h e  fol lowing,  t h i s  method w i l l  b e  described i n  g r e a t e r  d e t a i l .  

The e l e c t r o n s  have s u f f i c i e n t l y  

The tempera- 

4. The Theory of t h e  Electron Beam Method -- 

I n  h i s  r e p o r t s ,  Muntz [3]  l a i d  a l l  t h e  e s s e n t i a l  foundations f o r  t h e  ap- 
p l i c a t i o n  of t h e  e l e c t r o n  beam technique. H e  placed p a r t i c u l a r  emphasis on in- 
v e s t i g a t i n g  t h e  use fu lness  of t h e  e l e c t r o n  beam f o r  d e n s i t y  determinat ions [13].  

4.1 Elast ic  S c a t t e r i n g  

When e l e c t r o n s  of s u f f i c i e n t  energy are s h o t  i n t o  a gas ,  they i n t e r a c t  i n  
v a r i o u s  ways wi th  t h e  gas molecules. 
i . e . ,  t h e y  l o s e  amounts of energy which are small  i n  comparison withho/M)E, 

where m 

F i r s t ,  they can b e  e l a s t i c a l l y  s c a t t e r e d ,  

i s  t h e  e l e c t r o n  mass, M is the mass of t h e  molecule, and E is  t h e  
0 

8 



energy of the primary electron 1131. 

. -- - 

Y 
I 

I 

If electrons moving in the y direction in accordance with Figure 2 are con- 
sidered, then the number 
second and per cm2 for all azimuthal angles P is 

of electrons rotated through the angle& per 

the molecular density per em3, Jez(& is - 118 
the differential scattering cross section 
for elastic scattering, and dy is the path 
element. J e , ( U  was calculated by Muntz 
and Marsden [13], using the approximation 
of Mott and Massey for N, and is plotted 
in Figure 3 versus the scattering angle 

0 ,  degrees 
- -  _. 

a> I 

and is a function of the energy. 

4.2 Inelastic Scattering 

If the energy loss is greater 
than (mo/M)E, then we are dealing 
with ineiastic scattering. In ch+- 
process, the electrons can ionize 

L L l l U  

Figure 3.  Differential Scattering 
Cross Sections for Electrons of 
Various Energy in N 2' 

9 



t h e  molecules, d i s s o c i a t e  them, o r  b r ing  about t h e  e x c i t a t i o n  of d i s c r e t e  elec- 
t r i c a l  levels. 
t i c  d i f f e r e n t i a l  s c a t t e r i n g  c ros s  sec t ion  J (I%, which w a s  a l s o  c a l c u l a t e d  by 

Muntz and Marsden [13] on the  b a s i s  of an approximation by Marton and S c h i f f ,  
and i s  l ikewise  p l o t t e d  i n  Figure 3 with r e s p e c t  t o $ - .  

off  r ap id ly  w i t h  increasing$-,  and is only g r e a t e r  than J 

Mott and Massey [14] 

A l l  processes  are considered from t h e  viewpoint of t h e  i n e l a s -  

U 

W e  see t h a t  Ju(9' drops 
I (9) f o r  angles$ < lo. e2 

The energy dependence can be ca l cu la t ed  from t h e  s c a t t e r i n g  formula of 

~ -~ 
~ _,.-- 

The abbrev ia t ions  used i n  equat ion (14) are as follows: 

e = elementary charge , ve = e l e c t r o n  v e l o c i t y ,  h = Planck's cons t an t ,  AE = 

energy l o s t  i n  t h e  inelastic s c a t t e r i n g  process ,  and IzI  = mat r ix  element f o r  

m = e l e c t r o n  m a s s ,  
0 

0 

t h e  t r a n s i t i o n  which absorbs t h e  energy AE. - / 19 

In t h e  proper manner, formulas (12) and (13) can a l s o  be app l i ed  t o  t h e  
case of i n e l a s t i c  s c a t t e r i n g ,  i f  t h e  s u b s c r i p t  e2 is  replaced by u. 
he of t h e  s c a t t e r e d  e l e c t r o n s  is given by h ' , / v  . Using equat ion (13),  from 

equat ion (12) w e  o b t a i n  a d i f f e r e n t i a l  equation f o r  t h e  decrease i n  e l e c t r o n  
d e n s i t y ,  i n  which w e  must i n s e r t  t h e  value f o r  i n e l a s t i c  s c a t t e r i n g  ( t h e  minus 
s i g n  des igna te s  t h e  f a c t  t h a t  i t  i s  a decrease):  

The d e n s i t y  

e 

r*7TCIU;' .---- - 

I T  = - N . Q U - d y  . 7 

s- 

I I dne i 
I 

\-- _ _  _-_- -b  ̂4- -- *- '  

I n s e r t i n g  t h e  i n i t i a l  e l e c t r o n  dens i ty  n w e  ob ta in :  eo ' 
Lc -'IC----- 

Expression (17) now makes i t  p o s s i b l e  t o  e v a l u a t e  e l e c t r o n  beam convergence i f  
t h e  v a l u e s  supp l i ed  by t h e  wind tunne l  are i n s e r t e d  f o r  N and y. 
r a t i o  n /n 
energy. O n  t h e  o t h e r  hand, f o r  a predetermined r a t i o  n /n and a given e l e c t r o n  

10 

A d e s i r e d  
can b e  achieved by f ind ing  a s u i t a b l e  Q by varying t h e  e l e c t r o n  

e eo U 

e eo 



density, the maximum possible molecular density can be obtained. 

emission 

20 - - 2:" - m  

E ,  eV N$X2G A 

excitation by 

collision + , 10 - electron 

4 . 3  Vibrational Temperature 

transition, additional lines can also 
be recognized, which come about through 
the superimposition of the electronic 
transition on the vibrational transi- 
t ions. 

The theoretical prediction of the 
intensity of the vibrational transi- 
tion as a function of the vibrational 
temperature T makes it possible to 

/20 

V 

0 '  

quanta; and A is the Einstein transition probability for spontaneous transi- 
tion. nm 

determine the temperature by measuring 
the intensities. In this process it is n' = 

11 



The quantity Am is given by 
-"--- - 

4 

3 11 

F-T 

64r "*in I 12 r 
! A  Rnrn ii 

nm 
----- ..c' 

The quantity IRmI is the matrix element for the transition n, m y  and can be 
provided in the wave-mechanical formulation according to the Frank-Condon princi- 
ple by the function 

- 
The quantity Re in this case is the electrical transition element obtained over 
the intermolecular distance r traversed during the vibration. 
tor represents the overlap integral for the vibrational transition n, m. 
order to determine the number N of excited states which can make the transi- 

t ion I L ) ~  we have included the Einstein transition probability for an absorp- 
tion which leads from the ground state n' to the excited state n. 
cess, we must carry out a summation over all the possible states n': 

The second fac- 
In 

n - 

In this pro- 

The quantity N 
tional quantum number n', which is provided by the assumed Boltzmann distribu- 
tion 

is the number of molecules in the ground state with the vibra-/21 n' 

- 

The quantity N is the molecular density, Z is the state summation 2 = 

= Ce 
n' 

the ground state n' = 0. 
placed by a mean energy E .  

-Go(n')hc/kTv V V 
, and Go(n')hc is the energy of the vibrational state n' above 

Erin, is the energy of the transition and is to be re- 

The transition probability B .., is finally given once more by the Frank- rm Condon factor for absorption: 

12 



With 

L _  ~ __ __1u *- 
i- 

L e t  u s  now consider  t h e  i n t e n s i t y  o f - t h e  v i b r a t i o n a l  t r a n s i t i o n s  0,l and 
+ 2 +  2 +  1,0 i n  t h e  case  of t h e  e l e c t r o n i c  t r a n s i t i o n  N2 B C + X C and l e t  us  form n 4 .  

The va lues  f o r  IR I 2 , IR I 2 , IROyntI 2 , and IR1 f 1 2  are presented i n  tabu- 
091 190 ,n 

l a r  form and were given by Muntz [ 3 ] .  The q u a n t i t y  G o ( n f )  can b e  expressed by /22 - 

n 
Go(nl) w w n' - w x nl&, 

0 0 0  
~- - 

3- - -- - ..__I - - 
1 +  are molecular cons t an t s ,  and f o r  N2 X C 

0 9 
where w and x assume t h e  va lues  [ 4 ]  

0 

. w  N"w - -x3=--m-1j 
0 e l 

and 
___ ._ --- 

- l  I 0 X W X = 14,s cm 

For T + coy for t h e  ground sEate  with rLt = 0, we 

0 .  0 e e  
i -"I 

tlie occiipat%eil preka- 
V 

b i l i t y  1. 

can be  c a l c u l a t e d  us ing  an experimental  l a w .  

p e r a t u r e  T i s  p o s s i b l e ,  as is  shown i n  Figure 6 .  

For o t h e r  n' = 1,2. .. and Tv, t h e  relative occupation p r o b a b i l i t y  

I n  t h i s  manner, a t h e o r e t i c a l  
, d e s c r i p t i o n  of t h e  dependence of t h e  i n t e n s i t y  r a t i o  on t h e  v i b r a t i o n a l  t e m -  

V 

13 
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7- 

.(. I ._ - 
Figure 6 .  Ratio of t h e  Band 
I n t e n s i t i e s  J /J and 

Jo,l/Jl,o as a Function of 

t h e  V i b r a t i o n a l  Temperature 

0 , l  1 ,2  

TV* 

Sebacher and Duckett [IS] p l o t t e d  the two 
i n t e n s i t y  r a t i o s ,  Jo,l/Jl,o and J 0 , l  /J 1 ,2 '  

aga ins t  t h e  v i b r a t i o n a l  temperature T 

be seen t h a t  i n  t h e  range from 500°K t o  3,0OO0K, 
a s e n s i t i v e  change i n  t h e  i n t e n s i t y  r a t i o  
takes place w i t h  r e s p e c t  t o  temperatures.  
i s  exact ly  t h e  range through which t h e  vibra-  
t i o n a l  temperature passes  during r e l a x a t i o n  
processes i n  expansion flow, i f  t h e  maximal 
s ta t ic  temperature is  T 

It can V' 

This  

= 3,000"K. 
0 

4.4 Ro ta t iona l  Temperature 

I n  a d d i t i o n  t o  t h e  spec t roscop ic  observa- 
t i o n  of t h e  r o t a t i o n a l  f i n e  s t r u c t u r e  of t he  
+ 2 +  2 +  N B C -+ X C t r a n s i t i o n ,  t h e  e l e c t r o n  beam 
2 n  g 

method permits- t h e  determinat ion of t h e  ro t a -  
t i o n a l  temperature T Since t h e  gas r e q u i r e s  R' 

only 10 t o  100 c o l l i s i o n s  i n  o rde r  f o r  equi l ibr ium t o  become e s t a b l i s h e d  be- 
tween t r a n s l a t i o n  and r o t a t i o n ,  t h e  r o t a t i o n a l  temperature T 

t h e  s t a t i c  temperature T i n  t h e  measuring s t r i p .  
t i o n  can b e  determined from t h e  d i f f e r e n c e  between t h e  v i b r a t i o n a l  and t h e  

i s  a measure of R 
Then t h e  v i b r a t i o n a l  re laxa-  

r o t a t i o n a l  temperatures,  and t h e  r e l a x a t i o n  t i m e  can be  thus c a l c u l a t e d .  /23 
A s  a s i m p l i f i e d  r e p r e s e n t a t i o n  of Sebacher and Duckett [15] shows, t h e  in- 

t e n s i t y  J(K',T ) of the  r o t a t i o n a l  l ine  can b e  descr ibed by R 
4 -  - 4- I 

The q u a n t i t y  [ G I  i s  a weighting f a c t o r  weakly dependent on TR. 

t a t i o n a l  quantum number i n  t h e  i n i t i a l  s tate N B2C:, and B 

cons tan t  which e x h i b i t s  a weak dependence on the  v i b r a t i o n a l  quantum number of 

t h e  ground state N2 X C . The formula a p p l i e s  f o r  t h e  resolved R branch of t h e  

0,O t r a n s i t i o n  and assumes t h i s  s i m p l e  form, s i n c e  t h e  o r b i t a l  angular  momentum 
of t h e  molecule i s  A = 0. A d e t a i l e d  de r iva t ion  of formula (27) i s  found i n  
t h e  r e p o r t  by Muntz [ a ] .  It was shown t h a t  t h e  change i n  t h e  i n t e n s i t y  d i s t r i -  
b u t i o n  by h ighe r  e x c i t e d  v i b r a t i o n a l  l e v e l s  of t h e  N2 ground s ta te  up t o  4,000°K 

i s  n o t  s i g n i f i c a n t ,  i f  an e r r o r  up t o  ea. +5% i s  permissible .  

K' i s  t h e  ro- 

is  a molecular n' 

1 +  
9 

F i g u r e  7 shows t h e  r o t a t i o n a l  spectrum of t h e  0,O band of the t r a n s i t i o n  
+ 2 +  2 +  

9 
N2 B Cn - X C . There are two series of r o t a t i o n a l  l i n e s  which d i f f e r  i n  

1 4  
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, 

i n t e n s i t y  by t h e  f a c t o r  2. 

be r  of t h e  f i n a l  state. According t o  formula (27), log  ( J / I G I v  K ' )  i s  p l o t t e d  

The more in t ens ive  ones are app l i cab le  f o r  even 
I K",  and the  o the r s  f o r  odd K", i f  K" designates  t h e  r o t a t i o n a l  quantum num- 

4 

I OO L L -  100 2 

I I 

J / J ,  
Figure 8. Graph of Log Versus 

[ C ; ] ( V / V ~ ) ~  x K' 

K'(K' + 1 )  f o r  Determining t h e  Rota t iona l  Temperature. 

a g a i n s t  K'(K'  + 1) i n  Figure 8. 
then y i e l d s  the rotational temperature 

The increase  i n  t h e  r e s u l t i n g  s t r a i g h t  l i n e  
TH = 87Q°K. 

4.5 Density 

According t o  a s i m p l e  treatment by Muntz [ 3 ] ,  based on t h e  equi l ibr ium of 
+ 2 +  B E 2 n  t h e  e x c i t a t i o n a l  l e v e l s  N 

l a t e d  by r a d i a t i o n  andrad ia t ion - l e s s  t r a n s i t i o n s  during molecular c o l l i s i o n s ,  
t h e  i n t e n s i t y  J of t h e  e l e c t r o n  e x c i t a t i o n  channel i s  given by 

populated by e l e c t r o n  c o l l i s i o n s  and depopu- 

The terms used i n  equat ion  (28) s i g n i f y  the  following: 
V 

16 

N = molecular dens i ty ,  
= t h e  wave number of t h e  t r a n s i t i o n ,  Na2& = t h e  gas-kinet ic  c o l l i s i o n  nm 



number, 

and F = t he  e x c i t a t i o n  func t ion  f o r  t h e  production of exc i t ed  states. 

= t h e  E ins t e in  t r a n s i t i o n a l  p r o b a b i l i t y  f o r  t h e  t r a n s i t i o n  n, m, 

, I  
i 

i :  
f i c i e n t l y  s m a l l  d e n s i t i e s ,  a l i n e a r  
dependence r e s u l t s .  This i s  t h e  case  
when 

-----aP--- - --- 
<< i. (29) ; ; - 2 v x / *  * .  - nm 

2 
lef t -hand s i d e  becomes s t i l l  smaller. Harbour and L e w i s  [12] estimate t h a t  u 
changes i n  propor t ion  t o  m / n ( T )  , where TI(??) i s  t h e  v i s c o s i t y  of t h e  gas. 
But t h i s  can only be an es t imat ion ,  and the  a c t u a l  condi t ions  are descr ibed by 
a complicated l a w  [16] .  

Expression (28) must be considered s t i l l  f u r t h e r  i f  w e  imagine t h a t  t h e  
v i b r a t i o n a l  temperature i n  the  expansion flow i s  no t  i n  equi l ibr ium with !Z' R' 
I n  t h e  boundary l a y e r  and i n  c o l l i s i o n s ,  T w i l l  assume other  values  than i n  

undis turbed  nuc lear  flow. Thus, t h e  number of exc i t ed  states i s  a l s o  d i f f e r e n t .  
This  s ta te  of a f f a i r s  w i l l  f i r s t  be  taken i n t o  cons idera t ion  by computing the  
e x c i t a t i o n  func t ion  F as a func t ion  of the v i b r a t i o n a l  temperature T,, i . e . ,  F =  

V 

/25 - 

= F ( T v ) ,  and thus ,  f o r  t h e  i n t e n s i t y ,  we have t h e  formula 

-- I _-- 
-.-.-.-I- n h c  v 

I nm 
(30) 
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More p r e c i s e  i n v e s t i g a t i o n  w i l l  provide t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s .  

5. Apparatus 

The e n t i r e  apparatus  i s  schematical ly  represented i n  Figure 10. The elec- 
t rons  are emit ted i n  a chamber evacuated t o  lom4 Torr by a h o t  cathode and ac- 
c e l e r a t e d  t o  t h e  des i r ed  energy between 0 and 60 KeV. 
t e m  of diaphragms and p res su re  s t a g e s  and t h e  measuring chamber of t h e  hyper- 
s o n i c  wind tunnel ,  and are received i n  a Faraday c o l l e c t o r .  

They pass  through a sys- 

The anode c u r r e n t  - - - - 

Figure 10. Overall Block C i r c u i t  Diagram of t h e  Apparatus. 
Key: (a) hypersonic wind tunnel ; (b)  Faraday c o l l e c t o r ;  ( c )  
r eco rde r ;  (d) m u l t i p l i e r  vol tage;  (e) two-channel r eco rde r ;  
( f )  lock-in m u l t i p l i e r ;  (8) d i g i t a l  vol tmeter ;  (h) l a t t i ce  
spectrograph; (i) v e r t i c a l  adjustment; (j) p r i n t o u t ;  (k) 
pulsed vo l t age ;  (1) Wehnelt voltage: (m) high-voltage anode; 

(n) h o t  vo l t age ;  (0) d i f f u s i o n  pump, Torr;  (p) disffu- 

s i o n  pump, 10 Torr;  (q) l ens ;  (r) m u l t i p l i e r .  -2 

can 3e nieasured wi th  a recorder.  
c o l l i s i o n s  form a glowing area about 1 mm i n  diameter and t h e  image of t h i s  
l i n e  can b e  focused on t h e  s l i t  of a spectrograph by a q u a r t z  l e n s  w i t h  a f o c a l  
l e n g t h  of f = 15 cm. 

Tne nitrogen molecules produced by electron 

5 . 1  The Electron Gun 
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Figure 11 shows t h e  cons t ruc t ion  of t h e  e l e c t r o n  gun and t h e  measuring por- 
t i o n  of t h e  wind tunnel .  

~ 

The e l e c t r o n  product ion sys- 
t e m  is  taken from t h e  EM-8 e lec-  

I t r o n  microscope from Zeiss, Oberk- 1 ochen. 1 f l o o r  of a chamber which is  evacu- 

j a ted  t o  less than  
' way of two s p r i n g  steel bellows, 

It is  fas tened  t o  t h e  

Torr by 

-_ _. _ - -  - - -- - 

I 

I 

.- . _ -  

t o  separate t h e  e n t i r e  system 
from t h e  wind tunnel  and t o  evacu- -- 

Figure 11. Sec t iona l  Diagram of the  Elec- ate i t  before  an experiment. The 
t r o n  Gun and Measuring Chamber. A = Anode; measuring area (M) is  connected 
B = Diaphragm Chamber; F = Faraday Collec- t o  t h e  s l i d e .  The Faraday col-  
t o r ;  J = Adjustment; K = Cathode; M = Mea- l e c t o r  ( F )  , which i s  e l e c t r i c a l l y  
s u r i n g  Area; Q = Quartz Glass Window; S = i n s u l a t e d  from t h e  tunne l ,  l ies 
S l i d e ;  Vl, V2 = Connections t o  Vacuum Pump; on t h e  oppos i te  s i d e .  On t h e  
W = Wehnelt Cylinder.  right-hand s i d e ,  t h e  r eces s  wi th  

t h e  quartz-glass  window ( a )  can 
be seen;  i t  w a s  furn ished  by 

Spindler  and Hoyer, Gattingen. This provides t h e  opportuni ty  f o r  observing the  
e n t i r e  diameter  of t h e  measuring s t r i p  and has  a maximal width of 80 mm. I f  
t h i s  l a r g e  s l i t  width should cause any disturbance to the f b ~ ,  I t s  size csa 
be  reduced t o  40 mm. 

i 
V I  

using a DO-30L d i f f u s i o n  pump 
from Leybold, Cologn. The elec- 
t r o n  beam emerges from t h e  ha i r -  
p i n  cathode (K) of t h e  e l e c t r o n  
production system and is  acceler- 
a t ed  by t h e  high vo l t age  appl ied  
t o  t h e  anode ( A )  t o  t h e  des i r ed  
energy between 0 and 60 KeV. 
anode, toge ther  wi th  t h e  Wehnelt /26 
cy l inde r  (W) , forms an electri- 
c a l  l e n s  which focuses  t h e  e lec-  
t r o n  beam on a d i s t a n t  po in t .  A 
mechanical adjustment ( J )  can be 
made by a three-point  f a s t en ing  
of t h e  upper chamber roof .  The 
e l e c t r o n  beam passes  through a 
diaphragm chamber ( B )  with  l-mm 
borings,  which i s  evacuated by a 
d i f f u s i o n  pump at  a removal rate 

The 

Uf 358 &/sec. A (S) 

The measuring chamber is  fas tened  by beams t o  a wagon which can be moved 
i n t o  t h e  tunne l  (1) .  

5.2 Voltage Supply of t h e  Elec t ron  Gun 
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An instrument from Sorenson, South Norwalk, USA, i s  used t o  produce t h e  high 
vol tage.  
and has  a 1.5% hum. 

This is  t h e  Model 1061, which provides 0-6 k V  a t  a maximum of 10 mA 
The p o s i t i v e  vol tage i s  ground p o t e n t i a l .  

The ho t  vo l t age  i s  taken from a transformer whose secondary winding is in- 
It pro- s u l a t e d  from t h e  ground p o t e n t i a l  i n  accordance with t h e  high vo l t age .  

vides  6 . 3  V and a maximum of 20 A. 

The Wehnelt vo l t age  i s  provided by an 800-V d i r ec t - cu r ren t  instrument  
which i s  f e d  from t h e  h o t  transformer.  A s  can be  seen i n  Figure 1 2 ,  t h e  6.3 

-- 

. - -  - - 
F i g u r e  12. 
Voltage Supply. 

Circuit Diagram of t h e  800-Volt 

v o l t s  are f i r s t  transformed t o  
400 v o l t s ,  r e c t i f i e d  i n  a doubler 
switch,  and s t a b i l i z e d  i n  a s t a b i -  
l i z i n g  c i r c u i t .  The potentiometer 
which can b e  app l i ed  above each 
of t h e  s t a b i l i z e r  tubes permits  
t h e  vo l t age  of each t o  b e  ad jus t -  
ed between 0 and 800 v o l t s .  
F i n a l l y ,  a pulsed v o l t a g e  can b e  
superimposed on t h e  Wehnelt v o l t -  
age,  s o  t h a t  a pulsed e l e c t r o n  
beam i s  a v a i l a b l e .  The d e t a i l s  
can be seen i n  t h e  c i r c u i t  diagram, 
Figure 13. 

/27 

5 . 3  Spectrograph with M u l t i p l i e r  

For t h e  s p e c t r a l  a n a l y s i s ,  
a 1.5-m l a t t i c e  spectrograph 33- 
83-01-11 from Bausch and Lomb, 
Rochester, N.Y., USA, i s  used. It 
ope ra t e s  i n  t h e o f i r s t  o rde r  from 
3,700 t o  7,400 A y i t h  a l i n e a r  
d i spe r s ion  of 15 A/mm, and i n  t h e  
second o r d e r  from 1,850 t o  3,700 
1 with a l i n e a r  d i s p e r s i o n  of 
7.5 x/m. The yavelength of t h e  
flame i s  3,500 A. I n  t h e  second 
o rde r ,  a t h e o r e t i c a l  r e s o l u t i o n  
c a p a b i l i t y  of A / A A  = 70,000 i s  
achieved. The t h e o r e t i c a l  l i g h t  
i n t e n s i t y  i s  about 1/27.5. 

While monochromators have 
t h e  advantage of g r e a t e r  l i g h t  
i n t e n s i t y ,  t h e  spectrograph has  

t h e  advantage of making t h e  entire spectrum a v a i l a b l e  a t  t h e  same t i m e .  

S ince  t h e  i n t e n s i t y  r a t i o  of two l i n e s  i s  used f o r  determining t h e  t e m -  
p e r a t u r e ,  t h e  corresponding p o s i t i o n s  i n  t h e  spectrum are simultaneously sought 
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Figure 13. Voltage Supply of t h e  Elec-  
t r o n  Gun. Key: (a) Wehnelt cy l inde r ;  
(b) cathode; (c) anode; (d) pu l se  gen- 
e r a t o r .  

by two m u l t i p l i e r s .  The favorab le  
arrangement of t h e  l a t t i ce  and t h e  
r e s u l t i n g  p o s i t i o n s  of t h e  first and 
second o rde r  permit t h e  i n t r o d u c t i o n  
of two m u l t i p l i e r s  s i d e  by s i d e .  
They are fa s t ened  t o  a m u l t i p l i e r  
t a b l e  placed nex t  t o  t h e  spectrograph. 
One motor-driven m u l t i p l i e r  can tra- 
verse t h e  e n t i r e  spectrum. The sec- 
ond can be  f i x e d  a t  any d e s i r e d  po- 
s i t i o n .  

The m u l t i p l i e r  used w a s  RCA 
type 1-P28. It has  an S5 charac- 
terist ic and a quartz-glass  housing. 
The e n t i r e  spectrum l ies  w i t h i n  t h e  
70% l i m i t s .  The h igh  v o l t a g e  f o r  
t h e  m u l t i p l i e r  i s  provided by t h e  
PE-4839 apparatus  from P h i l i p s ,  Ham- 
burg. A t  a maximum c u r r e n t  of 10 nul ,  
200 t o  2,000 v o l t s  can b e  taken o f f .  
The s t a b i l i t y  i s  < 0.015% and t h e  
n o i s e  v o l t a g e  i s  < 10 mV. 

5.4 Recording - 128 

The output  s i g n a l s  of t h e  multi-  
p l i e r s ,  which a l s o  p u l s e  because of 
the pulsed e l e c t r o n  beam: are f e d  
i n t o  a lock-in a m p l i f i e r .  This ampli- 

f i e r  is  cons t ruc t ed  according t o  t h e  c i r c u i t  diagram shown i n  F igu re  14. 
pulsed v o l t a g e  of t h e  p u l s e  apparatus  i s  f e d  i n t o  the a m p l i f i e r  as w e l l  as i n t o  
t h e  e l e c t r o n  gun, s o  t h a t  an in-phase ampl i f i ca t ion  i s  achieved: during one 
impulse, the m u l t i p l i e r  d e l i v e r s  s i g n a l  p l u s  no i se ,  and during the pause be- 
tween two pu l ses ,  t h e  m u l t i p l i e r  d e l i v e r s  only t h e  noise .  A s u i t a b l e  se tup  i n  
t h e  a m p l i f i e r  forms t h e  d i f f e r e n c e  between t h e  two con t r ibu t ions ,  so  that 
f i n a l l y  only t h e  s i g n a l  i s  indicated.  
down t o  0 . 2 : l  with an a m p l i f i e r  of t h i s  type. 

The 

The signal-to-noise r a t i o  can be  kep t  

The ou tpu t  v o l t a g e  of t h e  lock-in ampl i f i e r  is f e d  i n t o  a two-channel 
r eco rde r  o r  t o  two d i g i t a l  vol tmeters  with p r i n t o u t s .  The v i b r a t i o n a l  tempera- 
t u r e  can b e  determined from t h e  r a t i o  of t h e  measured i n t e n s i t i e s ,  a f t e r  s u i t -  
a b l e  corrections, and the density i n  the measuring s t r i p  can be  determined from 
t h e  i n t e n s i t y  of a s i n g l e  l i n e ,  a f t e r  s u i t a b l e  c a l i b r a t i o n .  The s e n s i t i v i t y  of 
t h i s  arrangement makes it  p o s s i b l e  t o  vary c e r t a i n  parameters during the wind 
t u n n e l  experiment,  such as t h e  coordinates of t h e  measuring s t r i p ,  t h e  s t a t i c  
p r e s s u r e  o r  t h e  s t a t i c  temperature,  and then t o  record t h e  changes i n  t h e  in- 
t e n s i t i e s  under considerat ion.  I n  add i t ion ,  t h i s  method makes i t  p o s s i b l e  t o  
c a r r y  o u t  measurements i n  s c a t t e r e d  l i g h t  and d a y l i g h t ,  which would otherwise 
be d i s t u r b i n g .  
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5.5 Corrections 

The r e s u l t s  which are measured according t o  t h e  process  j u s t  descr ibed 
must s t i l l  b e  co r rec t ed  from t h e  viewpoint of s p e c t r a l  permeabi l i ty  and sens i -  
t i v i t y  of de t ec t ion .  I n  add i t ion ,  w e  must a l s o  consider  t he  f a c t  t h a t  i n  mea-  
s u r i n g  t h e  i n t e n s i t i e s  of t he  1 , 0  and the 0 , l  bands, t h e  spectrograph i s  used 
i n  two d i f f e r e n t  orders .  The l i n e a r i t y  of t h e  a m p l i f i e r  must l i kewise  be  
guaranteed. 

To be su re ,  e s p e c i a l l y  i n  t h e  case of t h e  m u l t i p l i e r ,  t h e  s e n s i t i v i t y  /29 
I curve provided along w i t h  t h e  instrument by t h e  manufacturer could be  used, 

b u t  t h i s  curve i s  n o t  very p r e c i s e  and the re fo re  w a s  n o t  used. 

One method f o r  determining t h e  s p e c t r a l  c o r r e c t i o n s  c o n s i s t s  i n  measuring 
t h e  emission of a tungsten-band lamp i n  dependence on t h e  wavelength and corn- 
pa r ing  i t  w i t h  t h e  t h e o r e t i c a l  p red ic t ions  obtained from t h e  Planck r a d i a t i o n  
formula, Unfortunately,  t h e  tungsten-band lamp does n o t  correspond very w e l l  
t o  t h e  p r o o e r t i e s  of a black-body emitter. 
used. ~ 

7 

- 

Therefore ,  t h i s  method w a s  n o t  

It i s  s impler  t o  e x c i t e  n i t rogen  a t  a known equi l ibr ium temperature by 
e l e c t r o n  c o l l i s i o n s ,  measure t h e  i n t e n s i t y  r a t i o s ,  and compare them with t h e  
t h e o r e t i c a l  values .  Then, i n  a simple manner, t h e  dev ia t ions  provide t h e  cor- 
r e c t i o n  f a c t o r s .  

6. Measurement P ro toco l  

F i r s t ,  t h e  measurement of t h e  r o t a t i o n a l  and v i b r a t i o n a l  temperatures and 
t h e  d e n s i t y  i n  the  measuring area of t h e  hypersonic wind tunnel  w i l l  be  used t o  
determine the s t a t s  of the  test gas. 'I'he r e s u l t s  w i l l  be  compared with t h e  cal- 
c u l a t i o n s  of Koppenwallner [2] .  
w i l l  b e  experimental ly  r e t e s t e d .  

__  

I n  addi t ion,  t h e  c a l c u l a t i o n s  of Wuest [17] 

I n  a s imilar  manner, as i n  t h e  case of Harbour and L e w i s  [12] ,  w e  w i l l  mea- 
s u r e  the d e n s i t y  d i s t r i b u t i o n s  on models and supplement them w i t h  temperature 
d i s t r i b u t i o n  measurements. 

F i n a l l y ,  we i n t e n d  t o  i n v e s t i g a t e  the v i b r a t i o n a l  r e l a x a t i o n s  i n  t h e  wakes 
of v a r i o u s  models surrounded by flow paths.  

7. Summary / 30 - 

V a r i m s  methods f o r  determining t h e  v i i i r a t i o n a i  temperature were s t u d i e d  
w i t h  r e s p e c t  t o  t h e i r  a p p l i c a b i l i t y  i n  the hypersonic wind tunnel  of t h e  AVA a t  
Gb'ttingen. The r e s u l t s  showed t h a t ,  i n  general ,  t h e  common methods were n o t  ap- 
p l i c a b l e  because of t h e  s p e c i a l  conditions i n  an expansion flow. 

The sodium line reversal method i s  not p o s s i b l e  
N a  atoms by r a d i a t i o n  i s  too g r e a t .  The u l t r a v i o l e t  
s i ta tes  i n v e s t i g a t i o n s  i n  t h e  f a r  LJV, which are very 

s i n c e  t h e  l o s s  of e x c i t e d  
absorpt ion method neces- 
d i f f i c u l t .  
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Methods which u s e  t h e  i o n i z a b i l i t y  of a gas  cannot b e  app l i ed  because of 
t h e  s l i g h t  monochromaticity of t h e  e l ec t rons  and t h e  d e s t r u c t i o n  caused by t h e  
high v e l o c i t y  of t h e  gas.  

Raman spectroscopy cannot be c a r r i e d  o u t  a t  such s m a l l  ga s  d e n s i t i e s .  

I n  a l l  t h e  procedures mentioned above, t h e  volume which i s  measured i s  s o  
Measurements on models are only con- l a r g e  t h a t  t he  s p a t i a l  r e s o l u t i o n  i s  poor. 

ce ivab le  i n  s p e c i a l  cases. 

The e l e c t r o n  beam method does not have t h e  disadvantages mentioned above. 
It  permits  good s p a t i a l  r e s o l u t i o n ,  s o  t h a t  measurements on models are p o s s i b l e .  
The theory of t h i s  method is descr ibed i n  d e t a i l  i n  Sec t ion  4 ,  based on r e p o r t s  
by Muntz [3 ]  and Herzberg [ 4 ] .  

Thus, i t  is  evident  t h a t  i n  add i t ion  t o  t h e  l o c a l  v i b r a t i o n a l  temperature,  
w e  can a l s o  measure t h e  l o c a l  r o t a t i o n a l  temperature and t h e  l o c a l  dens i ty .  
The v i b r a t i o n a l  temperature r e s u l t s  i n  t h i s  method from t h e  r a t i o  of two band 
i n t e n s i t i e s .  It can b e  t h e o r e t i c a l l y  p red ic t ed  as a func t ion  of temperature. 
The r o t a t i o n a l  temperature is  taken from t h e  i n t e n s i t y  d i s t r i b u t i o n  of t h e  ro- 
t a t i o n a l  spectrum. 
following s u i t a b l e  c a l i b r a t i o n .  

The d e n s i t y  can be read from t h e  i n t e n s i t y  of a s i n g l e  band 

The range of l i n e a r i t y  f o r  d e n s i t y  measurements depends on t h e  dens i ty  and 
on t h e  s t a t i c  temperature [3] ,  [12]. The reasons are presented f o r  t h e  f a c t  /31 
t h a t  a dependence on t h e  v i b r a t i o n a l  temperature must a l s o  be  considered i f  t h i s  
temperature i s  g r e a t e r  than 800"K, as i n  t h e  case of an expansion flow w i t h  vi- 
b r a t i o n a l  r e l a x a t i o n s .  
t i o n  5 .  Since t h e  spectrograph which was s e l e c t e d  i s  a b l e  t o  measure t h e  in- 
Cens i r i e s  of two bands a t  t h e  same t i m e ,  t h e  v i b r a t i o n a l  temperature can be  de- 
termined from t h e  r a t i o  of t h e  i n t e n s i t i e s  following s u i t a b l e  c o r r e c t i o n ,  and 
t h e  d e n s i t y  can b e  r ead  from t h e  i n t e n s i t y  of a s i n g l e  band following s u i t a b l e  
c a l i b r a t i o n .  The very s e n s i t i v e  de t ec t ion  apparatus ,  which c o n s i s t s  of photo- 
m u l t i p l i e r s  and subsequent lock-in ampl i f i e r s  i n  connection w i t h  a pulsed elec- 
t r o n  beam, makes i t  p o s s i b l e  t o  measure v i b r a t i o n a l  temperature and d e n s i t y  con- 
t i nuous ly  as a func t ion  of p o s i t i o n ,  s ta t ic  temperature,  o r  s t a t i c  p res su re ,  
even i n  t h e  presence of i n t e r f e r i n g  l i g h t .  
obtained from p i c t u r e s  of t h e  r o t a t i o n a l  spectrum by pe rmi t t i ng  one m u l t i p l i e r  
t o  p a s s  through t h e  spectrum. 

The cons t ruc t ion  of t h e  apparatus  i s  descr ibed i n  Sec- 

The r o t a t i o n a l  temperature can be 

The c o r r e c t i o n  f a c t o r s  n e c e s s i t a t e d  by t h e  apparatus  are obtained by mea-  
s u r i n g  t h e  v i b r a t i o n a l  and r o t a t i o n a l  temperatures and d e n s i t y  of t h e  test  gas  
under known condi t ions.  
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